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Summary
Objective: To use high-resolution magnetic resonance imaging (MRI) to determine the relationship between articular cartilage degeneration
and trabecular bone changes of the femur, condyles and tibia in human knees with osteoarthritis (OA).
Methods: Subjects were divided into three groups: without OA (OA0), mild OA (OA1) and severe OA (OA2). Sagittal images of the knee
(0.234×0.234 mm2, 2-mm slice thickness) were obtained at 1.5T and used for calculating the volume and thickness of the femoral and tibial
cartilage. Axial images (0.195×0.195 mm2, 1-mm slice thickness) were used for calculating the trabecular bone structure parameters:
apparent bone volume fraction, trabecular number, trabecular separation and trabecular thickness.
Results: Cartilage volume and thickness were less in patients with OA compared to normal controls (P<0.1). Articular cartilage thinning is
associated with bone structure loss in the opposite femoral condyle (P<0.05). In varus OA, there were extensive correlations between medial
tibia and medial femoral cartilage degeneration, and loss of bone structure in the lateral tibia and lateral condyle. Additional correlations
existed between the compartmental differences (lateral minus medial) of cartilage thickness and bone structure.
Conclusion: Degradation of articular cartilage within a compartment correlates with a loss of bone structure in the opposite compartment. The
correlation between the (L-M) differences corroborates this relationship. Malalignment of the knee due to cartilage degeneration is
associated with bone formation in the diseased condyle and bone resorption in the opposite compartment.
© 2003 OsteoArthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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Introduction
Osteoarthritis (OA) is a group of related degenerative
disorders that affect all the tissue within a diarthrodial joint.
OA is the most common form of arthritis and affects 12.1%
of U.S. adults1. It typically affects weight-bearing joints,
such as the knee, and the tissues primarily affected are the
articular cartilage and the underlying bone. Typically, the
inception and progression of OA are aggravated by many
factors, such as knee alignment, biochemical and genetic
factors, and environmental and biomechanical insults to the
joint2–5. These factors can incite changes in the cartilage
and bone. Ideally, healthy articular cartilage provides
smooth, frictionless articulation between bones and distrib-
utes the biomechanical forces across the bone surfaces.
However, alterations in the biomechanical environment can
morphologically change the articular cartilage and affect
joint stresses within the knee leading to remodeling in the
subchondral and trabecular bone. Reciprocally, changes in
bone structure or stiffness may alter the joint’s biomechani-
cal behavior and distribution of forces, thus degenerating
the cartilage further6–8. This perpetual cycle of cartilage
degradation and bone changes may eventuate complete
loss of articular cartilage and permanent bone damage.
Previous OA studies have found an increase in bone
parameters underlying damaged cartilage. For example,
Wada et al discovered that knees with medial compartment
OA have a higher BMD in the medial proximal tibia than the
lateral proximal tibia, and Kamibayashi et al found that
bone volume fraction and trabecular thickness was signifi-
cantly greater in OA diseased bone than in healthy
bone9,10. Other studies have conjectured that hardening of
subchondral bone affects joint mechanics, which deforms
the articular cartilage8. Wu et al. concluded that severe
cartilage damage, such as fibrillation and derangement,
was associated with increased subchondral bone density in
female New Zealand white rabbits7. Ding et al. revealed
that cartilage and bone function as a unit and their
mechanical properties vary with age, hence these two
tissues should be studied and measured in adjunct for
understanding arthritis11.
Both CT and MRI are ideal modalities for imaging
trabecular bone micro-architecture. Many previous studies
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have used CT to exhibit the structural and mechanical
properties of bone12,13, however considering MRI is non-
ionizing, offers comparable spatial resolution and has
multiplanar capabilities, it is ideal for imaging bone in vivo.
Beuf et al. employed MRI to demonstrate significant varia-
tions in trabecular bone structure within the knee joint in
patients with OA14. Additionally, MRI is ideal for imaging
articular cartilage. Cartilage can be accurately visualized
with high spatial resolution, fat-suppressed, spoiled
gradient-echo MR sequences15. MRI has been proven to
be an effective modality for accurately determining cartilage
thickness16–18 and monitoring progressive cartilage degen-
eration19. Therefore, MRI is an ideal modality for assessing
OA, as it can depict high-resolution images of soft tissue
cartilage and the tessellated structures of trabecular bone.
To our knowledge, there has not been a previous study that
has used HR-MRI to evaluate both articular cartilage and
trabecular bone and analyze how they interrelate in vivo in
human OA.
The underlying hypothesis of this study was that cartilage
degeneration in OA is accompanied with associated
changes in the bone structure in the underlying trabecular
bone, and these relationships can be quantified in vivo.
Thus, we used in-vivo, high-resolution MR images to evalu-
ate the relationship between tibial and femoral cartilage
degeneration and structural changes in femoral, condylar
and tibial trabecular bone in human knees with varying
degrees of OA.
Materials and methods
SUBJECTS AND PATIENTS
An orthopaedic surgeon recruited the OA patients, and
diagnosis was based on a clinical investigation and an
antero-posterior weight bearing knee radiograph. Patients
were included in the study if they displayed symptoms of
OA and if the radiographs, as evaluated by a radiologist,
showed changes corresponding to the four-grade Kellgren-
Lawrence (KL) scale20. In addition, twenty-one (12 men
and 9 women) normal control subjects were recruited and
classified as OA Group 0; these subjects were either
asymptomatic volunteers, or did not show signs of OA on
the radiographs. The OA patients ascertained with a KL
score were allocated into one of two group categories.
Patients with a KL score of 1 or 2 were classified as OA
Group 1; this group comprised of 21 patients (7 men and 14
women) and exhibited mild radiographic signs of OA. OA
Group 2 was comprised of 32 patients (16 men and 16
women) categorized as KL 3 or 4 with severe radiographic
OA symptoms. The mean age of OA0, OA1 and OA2 was
34.2±12.5 years, 62.7±10.9 years and 66.6±11.6 years,
respectively. Patients completed a WOMAC (Western
Ontario and McMasters Universities Arthritis Index) ques-
tionnaire of pain, function, and stiffness21. The nature of the
study was explained to all patients, and each patient
granted an informed consent for the study. All examinations
were performed according to the regulations of the
Institutional Review Board.
IMAGE ACQUISITION AND ANALYSIS
MR images were obtained on a GE Signa 1.5 Tesla
clinical MR scanner (GE Medical Systems, Waukesha, WI)
using a bilateral dual phased-array surface coil with four
elements (USA Instruments, Cleveland, OH). To ensure
accuracy in patient positioning and to reduce motion
artifacts, an in-house, machined, dedicated holder was
employed and anchored to the table using Velcro straps.
The knee was flexed at 20 to 30 degrees, placed on top of
the dedicated holder and secured in place with additional
Velcro straps to restrain patient movement. The coil
paddles, also fastened to the knee with the Velcro straps,
were positioned to ensure a maximal signal to noise ratio.
A sagittal high-resolution, volumetric, fat suppressed,
spoiled gradient echo (SPGR) pulse sequence (TE=3.1–
3.4 ms, TR=30 ms, TI=8 ms, flip angle=30°, ±15.6 kHz
bandwidth) with an in-plane resolution of 0.234×0.234 mm2
and a slice thickness of 2 mm was used for cartilage
imaging. A total of 64 slices were acquired with a field of
view (FOV) of 12 cm (512×512 matrix) and a scan time of
9:31 min. These scans were optimized for maximum fat
suppression on the femur, tibia, patella and other adipose
rich regions to create a well-defined articular cartilage
boundary for accurate cartilage demarcation22.
Axial high-resolution MR Images (HR-MRI) of the
trabecular bone structure in the distal femur and proximal
tibia were obtained using a 3-dimensional (3-D) fast
gradient-echo sequence14 with a partial echo acquisition
(TE=3.5–4.5 ms, TR=30 ms, flip angle=40°, ±15.6 kHz
bandwidth) with a spatial resolution of 0.195×0.195 mm2
and a 1 mm slice thickness. A total of 96 slices were
acquired with a field of view (FOV) of 10 cm (512×384
matrix) and a scan time of 18:26 min. Partial voluming
effects were a potential concern due to comparable dimen-
sions between spatial resolution and trabeculae, however
the axial direction was chosen based on a study by Kothari
et al.23 that determined these effects are ameliorated if the
lower resolution dimension (in this study the slice thick-
ness) is aligned in the direction of primary trabecular
orientation.
The images from the bone structure and cartilage
morphology scans were transferred to a Sun workstation
(Sun Microsystems, Mountain View, CA). Due to the in-
homogeneous reception of the surface coils, the signal
intensity throughout the slices was inhomogeneous. There-
fore, all images were subjected to a pre-processing step
involving a 3-D low-pass (LP) filter-based coil correction
algorithm24.
CARTILAGE SEGMENTATION
The cartilage was segmented using an in-house program
(Matlab™). The operator manually delineated the cartilage
using a graphics cursor. Medial and lateral compartments
of the tibial and femoral cartilage were delineated and
calculated separately from the sagittal images. Regions of
interest (ROI) were outlined and segmented on the original
image for each cartilage compartment. Therefore, four
cartilage compartments were defined: Medial and lateral
femoral cartilage, and medial and lateral tibial cartilage
(Fig. 1).
The cartilage boundaries were anatomically defined and
consistently observed for each data set. Cartilage segmen-
tation was initiated on the first slice (lateral or medial) that
displayed a clear boundary between bone and cartilage.
Likewise, the segmentation was terminated on the last slice
that displayed a clear boundary between bone and carti-
lage. Medial and lateral femoral compartments were delin-
eated in each slice with distinct condyles. The tibial
cartilage was exclusively segmented on the plateau re-
gions; any cartilage in the tibial spine regions was dis-
regarded to ensure that segmentation was consist and to
eliminate erroneous cartilage thickness values.
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The coefficient of variation (CV) for the intra-observer
reproducibility (two normal and four OA subjects, single
scan) was below 5% for the volume and thickness of the
femur and tibia (See Table I). The CV for inter-observer
reproducibility (three patients, repeat scans) on normal
patients was between 4% and 6%. However, the CV ((rms
SD*n)/sum mean) for inter-observer reproducibility, includ-
ing normal and OA patients, increased significantly to 4.9%
for femoral thickness, 6.2% femoral volume, 13.0% for tibial
thickness, and 25.5% for tibial volume. Considering our
intra-observer reproducibility results were within a normal
range established in prior cartilage studies19, the analysis
of the femur was restricted to a single observer and the
analysis of the tibia was restricted to a different, but single
observer. This method ensured reproducible results.
An iterative radius minimization technique was imple-
mented to compute the mean cartilage thickness distri-
bution from the delineated cartilage mask. The segmented
outline of the cartilage consisted of a set of points that
defined the inner and outer surfaces of the cartilage. The
midline axis of the mask was constructed by skeletonizing
the thick mask25,26. Thickness measurements were made
by using the diameters of the largest circle possible that
could fit inside the cartilage mask with the center of the
circles along the midline axis. The mean cartilage thickness
for each slice was determined from the mean diameter of
these circles, and the thickness calculated for each com-
partment was the average thickness of all slices. Cartilage
volumes for the femur and tibia are computed from the
segmented ROI cartilage compartments. Faber et al found
that differences in cartilage volume are primarily a result of
joint size, however the differences in cartilage thickness are
less dependent on joint size27. Faber concluded that these
differences needed to be accounted for when measuring
cartilage loss. Therefore, to account for the variation in joint
size, the calculated volume was divided by the epicondylar
distance of each respective patient. The epicondylar dis-
tance was used to standardize the volume due to its
invariance to osteoarthritic changes.
Normalized Volume 
Total Cartilage Volume
Epicondylar Distance
TRABECULAR BONE SEGMENTATION
The bone was analyzed using processing software de-
veloped in-house using IDL (Research Systems, Boulder,
CO) previously described in detail28. For the femoral con-
dyles and femoral shaft, the ROIs were selected from the
axial bone images, fitting exclusively within the trabecular
bone and marrow regions in the distal femur (Fig. 2). To
minimize errors due to artifacts from slice selection profile
imperfections, the first (proximal) 5 slices of the volume
were removed from this analysis process and ROIs were
delineated in the remaining slices. For the tibia, a 1×3 grid
of ROIs was created through a trial and error process to fit
inside the boundary of the proximal tibia. The units of the
grid were normalized by the epicondylar distance, and five
slices each consisting of one medial and one lateral ROI
were used as a representative sample for the tibial bone
structure (Unit [mm]=Epicondylar Distance×100/9). Five
distinct groups were clustered together: lateral and medial
condyles (ROIs drawn exclusively in the condylar region),
femur (starting from the point where the condyles merge
and going along the shaft), and lateral and medial tibia.
Fig. 1. The high-resolution SPGR sagittal sequence of the knee after subjected to a 3-D low-pass (LP) filter-based coil correction algorithm.
The cartilage regions of interest (ROI) were delineated in every slice for the condyles and tibia in both the medial and lateral compartments.
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Based on a dual reference limit and assuming a biphasic
model previously described by Majumdar et al, a global
threshold was calculated and bone/marrow binary images
were fabricated29,30. These images were used to calculate
four trabecular bone structure parameters within each ROI
in every slice31. The parameters ascertained were all
‘apparent’ parameters, but analogous to standard bone
histomophometric parameters, as shown by Majumdar and
colleagues32,33: apparent trabecular bone volume fraction
(BV/TV), apparent trabecular number (Tb.N) [1/mm], ap-
parent trabecular thickness (Tb.Th) [mm], and apparent
trabecular separation (Tb.Sp) [mm].
LATERAL MINUS MEDIAL COMPARTMENT CALCULATIONS
Higher contact pressures in the medial compartment of
the knee joint attribute to the medial compartment’s sus-
ceptibility to OA, or to the prevalence of varus OA34–38.
However, OA primarily occurring in the lateral compartment
(valgus OA), is also common. To account for both varus
and valgus OA, the lateral-minus-medial (L-M) compart-
mental differences were calculated from the already de-
rived cartilage and bone parameters. This calculation was
used to quantify the relative discrepancies in bone structure
and cartilage volume and thickness between the lateral and
medial compartments. The (L-M) cartilage differences that
were calculated were the (L-M) tibial thickness, (L-M) tibial
volume, (L-M) femoral thickness and (L-M) femoral volume.
The (L-M) bone structure differences that were calculated
were (L-M) condylar BV/TV, (L-M) condylar Tb.N, (L-M)
condylar Tb.Th, (L-M) condylar Tb.Sp, (L-M) tibial BV/TV,
(L-M) tibial Tb.N, (L-M) tibial Tb.Th and (L-M) tibial Tb.Sp.
STATISTICAL ANALYSIS
Analyses were performed using SAS 8.02 software (SAS
Institute Inc., Cary, NC). Spearman’s correlation analyses
were used to assess the association between variables.
Analysis of Variance (ANOVA) with Tukey–Kramer adjust-
ment was employed for multiple comparisons of par-
ameters of interests between OA groups. Missing data was
omitted in all analyses.
Results
BONE STRUCTURE AND ARTICULAR CARTILAGE VALUES
The least squares means and standard error in paren-
theses for all the bone and cartilage parameters for each
OA group were calculated in Table II. Additionally significant
differences between the individual OA groups were deter-
mined based on ANOVA with Tukey–Kramer method. One
of the trends displayed in the cartilage was that medial tibia
volume, medial tibia thickness, medial femoral thickness,
medial femoral volume and lateral tibia thickness de-
creased with an increasing grade of OA. The OA2 patients
had significantly lower tibial cartilage volume and thickness
Table I
The coefficient of variation (CV) is the root mean squared standard deviation (rms SD-numerator in parenthesis) divided by the number of
samples into the sum of the means (sum mean/n-denominator in parenthesis)
The coefficient of variation (CV) for cartilage segmentation reproducibility
STATS Femoral Thickness Femoral Volume Tibial Thickness Tibial Volume
Intraobserver CV 2.40% 2.18% 3.69% 2.61%
(Six normal/OA subjects, single scan) (0.16/6.80) (52.36/2405.49) (0.24/6.56) (33.54/1282.82)
Interobserver CV 5.31% 3.97% 4.60% 5.97%
(Three normal subjects, repeat scans) (0.41/7.70) (117.63/2961.97) (0.34/7.40) (104.93/1757.52)
The top row displays the CV for intra-observer reproducibility (CV <5%) and the bottom row displays the CV for the inter-observer
reproducibility for normal subjects (CV <6%).
The inter-observer reproducibility CV increased significantly when OA patients were included; therefore to ensure reproducible results,
cartilage analysis was based on an intra-observer method. The analysis of the femur was restricted to a single observer and the analysis of
the tibia was restricted to a different, but single observer.
Fig. 2. The 3-dimensional (3-D) fast gradient-echo axial sequence. The bone and marrow regions of interest (ROI) were outlined for the A)
medial and lateral condyles and B) femur. C) The tibial grid was derived from the epicondylar distance (Unit [mm]=Epicondylar
Distance×100/9) and was achieved through a trial and error process that provided the largest ‘boxes’ that fit into the proximal tibia and not
expand outside of the boundary of bone.
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values then the OA0 controls (P<0.1). Significant de-
creases in the lateral tibial thickness and medial femoral
volume were observed between OA0 and OA1, and OA1
and OA2, respectively. In the bone structure, the medial
and lateral tibia did not show any significant trends, but the
medial and lateral condyles showed a progressive loss of
Tb.N and increase in Tb.Sp with an increasing grade of OA.
The OA2 group had significantly thicker trabeculae (Tb.Th)
and significantly less trabecular number (Tb.N) in the
medial condyle than the other two OA groups.
PATIENT AGE, KL SCORE AND WOMAC SCORE
There were statistically significant Spearman Correla-
tions (P<0.05) between age and KL score to the cartilage
parameters (See Table III). Age and KL score were nega-
tively correlated with cartilage volume and thickness in the
tibial compartments and medial femur. Minimal negative
correlations were observed between the trabecular bone
structure and age: Femur BV/TV, −0.24 (P=0.049); Medial
Condyle Tb.N, −0.27 (P=0.028); Lateral Tibia Tb.N, −0.21
(0.086).
There was a significant negative correlation between
medial tibia volume and WOMAC pain score (−0.31
(P=0.017)). The Spearman value for the correlations
between medial tibia thickness and WOMAC function score
and WOMAC pain score were −0.25 (P=0.058) and −0.33
(P=0.010), respectively. For the lateral compartment, only
the lateral tibia volume and thickness was associated with
the WOMAC function score: −0.24 (P=0.068); −0.28
Table II
The least squares means and standard error (in parenthesis) for the bone and cartilage parameters of each OA group and the significant
differences between the OA groups are shown
Mean values and (standard error) for medial tibial & femoral cartilage Mean values and (standard error) for lateral tibial &
femoral cartilage
OA0 OA1 OA2 OA0 OA1 OA2
Med tibia vol 0.256 0.230 0.215 Lat tibia vol 0.259 0.200 0.254
[cm2] (0.015) (0.014) (0.011) [cm2] (0.035) (0.033) (0.027)
‡ ‡
Med tibia thick 0.155 0.140 0.132 Lat tibia thick 0.192 0.163 0.148
[cm] (0.007) (0.007) (0.006) [cm] (0.010) (0.009) (0.007)
‡‡ ‡‡ * ‡‡‡ * ‡‡‡
Med femur vol 0.438 0.475 0.373 Lat femur vol 0.739 0.711 0.741
[cm2] (0.039) (0.035) (0.029) [cm2] (0.051) (0.044) (0.037)
† †
Med femur thick 0.162 0.162 0.136 Lat femur thick 0.172 0.174 0.185
[cm] (0.011) (0.010) (0.008) [cm] (0.010) (0.009) (0.007)
Mean values and (standard error) for medial tibial bone structure Mean values and (standard error) for lateral tibial bone structure
OA0 OA1 OA2 OA0 OA1 OA2
Med tibia BV/TV 0.291 0.288 0.282 Lat tibia BV/TV 0.332 0.306 0.305
% (0.012) (0.012) (0.009) % (0.009) (0.015) (0.010)
Med tibia Tb.N 1.301 1.34 1.326 Lat tibia Tb.N 1.425 1.407 1.419
[1/mm] (0.030) (0.031) (0.029) [1/mm] (0.032) (0.048) (0.029)
Med tibia Tb.Sp 0.557 0.543 0.554 Lat tibia Tb.Sp 0.479 0.527 0.500
[mm] (0.023) (0.023) (0.019) [mm] (0.020) (0.048) (0.017)
Med Tibia Tb.Th 0.222 0.213 0.212 Lat tibia Tb.Th 0.233 0.216 0.214
[mm] (0.006) (0.005) (0.004) [mm] (0.005) (0.007) (0.004)
* *
Mean values and (standard error) for medial condylar bone structure Mean values and (standard error) for lateral condylar bone
structure
OA0 OA1 OA2 OA0 OA1 OA2
Med Cond BV/TV 0.296 0.284 0.309 Lat cond BV/TV 0.326 0.320 0.333
% (0.044) (0.044) (0.094) % (0.017) (0.021) (0.021)
Med Cond Tb.N 1.344 1.287 1.234 Lat cond Tb.N 1.414 1.382 1.340
[1/mm] (0.028) (0.024) (0.033) [1/mm] (0.040) (0.039) (0.036)
‡‡ ‡‡
Med Cond Tb.Sp 0.537 0.569 0.585 Lat cond Tb.Sp 0.493 0.518 0.530
[mm] (0.020) (0.079) (0.029) [mm] (0.026) (0.033) (0.038)
Med Cond Tb.Th 0.219 0.220 0.251 Lat cond Tb.Th 0.238 0.230 0.277
[mm] (0.004) (0.006) (0.014) [mm] (0.012) (0.013) (0.040)
‡ † ‡ †
The medial cartilage and lateral cartilage tibia thickness show a decreasing trend and significant differences between OA0 to OA2. The
trends in the medial and lateral tibia bone structure were more arbitrary. In the medial and lateral condyle, the Tb.N is decreasing and Tb.Sp
is increasing. There was a significant increase in Tb.Th in the medial condyle. This pronounced thickening of trabeculae is likely due to the
medial compartments susceptibility to disease. There were significant differences between normal femoral BV/TV and diseased femoral
BV/TV. The significance between groups is shown based on ANOVA with Tukey-Kramer adjustments.
The astericks indicate the significance between the OA groups: Between OA0 and OA1 [*=p<0.1}; Between OA1 and OA2 [†=p<0.1];
Between OA0 and OA2 [‡‡‡=p<0.01; ‡‡=p<0.05; ‡=p<0.1].
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(P=0.031). There were no correlations between WOMAC
scores and femoral cartilage. There were low to moderate
negative correlations between femoral bone structure and
the WOMAC function score (Femur BV/TV: −0.37 (0.006),
the WOMAC pain score (Femur Tb.Th: −0.36 (0.007)), and
the WOMAC stiffness score (Femur Tb.Th: −0.30 (0.027)).
CORRELATIONS BETWEEN CARTILAGE AND BONE STRUCTURE
Extensive Spearman Correlations were found (P<0.05)
between the medial tibial and medial femoral cartilage
measures, and the lateral condylar and lateral tibia bone
structure parameters (See Table IV). There was a positive
correlation between the medial cartilage and the lateral
bone structure BV/TV, as well as a positive correlation
between the medial cartilage and lateral bone structure
Tb.N. There was a negative correlation between the medial
cartilage and the lateral Tb.Sp. These correlations indicate
that as the medial cartilage decreases in volume and
thickness, there is an overall loss of bone structure in the
lateral condyle and lateral tibia. The correlations between
the medial cartilage and the lateral condyle Tb.Th were not
significant, except for the correlation between the medial
tibial thickness and the lateral tibia Tb.Th. Additionally, the
correlation between the medial femoral thickness and lat-
eral tibia bone structure were not significant. Similar corre-
lations were found between the lateral cartilage and medial
bone structure, however these correlations were only ob-
served in the lateral tibia cartilage and the medial condyle
bone structure (See Table V). There were positive correla-
tions between the lateral tibia cartilage (volume and thick-
ness) and the medial condyle BV/TV, Tb.N and Tb.Th, and
there were negative correlations between the lateral tibia
cartilage and the medial condyle Tb.Sp.
We examined the Spearman Correlations between bone
structure and cartilage within the same compartment, but
there were not many significant correlations. In the medial
compartments, there were a few moderate negative corre-
lations between the medial cartilage and medial condyle
bone structure: Medial femoral volume vs medial condyle
Tb.Th, −0.23 (P=0.05); medial tibia thickness vs. medial
Table III
Spearman correlations between cartilage measures and the KL
score, and cartilage measures and age
Spearman correlations between cartilage
parameters and age/KL
Age KL
Location Volume Thickness Volume Thickness
Medial tibia −0.36‡ −0.39‡ −0.24† −0.28†
Lateral tibia −0.43‡ −0.46‡ −0.25† −0.42‡
Medial femur −0.24† −0.33‡ NS −0.31†
†P<0.05.
‡P<0.01.
NS=Not Significant.
As age increases, the overall cartilage decrease. Likewise an
increase in KL corresponds to a loss of cartilage.
Table IV
The positive correlation between cartilage and the lateral bone structure BV/TV and Tb.N, and the negative correlation between cartilage and
the lateral Tb.Sp infer that as the medial tibial and medial femoral volume and thickness decrease, the bone structure in the lateral condyle
decreases; a similar relationship was found between loss of bone structure in the lateral tibia and cartilage degeneration in the medial tibia
and medial femoral volume
Spear correlations between medial cartilage and lateral bone structure
Location Med tibia volume Med tibia thickness Med femur volume Med femur thickness
Lat cond app. 0.24 0.32
BV/TV NS* (0.043) (0.008) NS*
Lat cond app. 0.33 0.33 0.34 0.28
Tb.N (0.005) (0.006) (0.005) (0.019)
Lat cond app. −0.26 −0.31 −0.37 −0.29
Tb.Sp (0.027) (0.009) (0.002) (0.016)
Lat cond app.
Tb.Th NS* NS* NS* NS*
Lat tibia app. 0.31 0.37 0.36
BV/TV (0.010) (0.002) (0.004) NS*
Lat tibia app. 0.29 0.28 0.34
Tb.N (0.018) (0.020) (0.007) NS*
Lat tibia app. −0.29 −0.33 −0.36
Tb.Sp (0.016) (0.007) (0.004) NS*
Lat tibia app. 0.31
Tb.Th NS* (0.010) NS* NS*
*NS=Not Significant.
Table V
The positive correlation between cartilage and the medial condyle
BV/TV, Tb.N and Tb.Th, and the negative correlation with medial
condyle Tb.Sp infer that as the lateral tibial volume and thickness
decrease, the bone structure in the medial condyle also decreases
Spearman correlations between lateral cartilage and medial bone
structure
Location Lat tibia volume Lat tibia thickness
Med cond app. 0.40 0.33
BV/TV (P=0.0005) (P=0.005)
Med cond app. 0.34 0.36
Tb.N (P=0.004) (P=0.002)
Med cond app. −0.43 −0.39
Tb.Sp (P=0.002) (P=0.0008)
Med cond app. 0.29
Tb.Th (P=0.015) NS*
*NS=Not Significant.
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condyle BV/TV, −0.27 (P=0.022); medial tibia thickness vs.
medial condyle Tb.Th −0.34 (P=0.004). For the lateral
compartments, there was a small correlation between
lateral tibia volume and lateral condyle Tb.N (0.32
(P=0.007)) and lateral condyle Tb.Sp (−0.28 (P=0.016)).
There were no additional significant correlations between
cartilage and bone within the same compartment.
Spearman Correlations were performed using the (L-M)
differences, and relationships were characterized between
(L-M) tibial thickness and (L-M) condylar bone, (L-M)
femoral thickness and (L-M) condylar bone, (L-M) tibial
thickness and (L-M) tibial bone, and (L-M) femoral thick-
ness and (L-M) tibial bone (See Table VI). There were
negative correlations between the (L-M) cartilage thickness
differences and (L-M) BV/TV, (L-M) Tb.N and (L-M) Tb.Th
for the condylar and tibial bone structure, and there was a
positive correlation between the (L-M) cartilage thickness
differences and (L-M) Tb.Sp for both the condylar and tibial
bone structure. There were no significant correlations be-
tween the (L-M) femoral volume and (L-M) bone structure
in either the condyles or tibia, and there were only two
correlations between (L-M) tibial volume and (L-M) bone
structure: (L-M) tibial volume vs. (L-M) condyle Tb.Sp, 0.27
(0.018); (L-M) tibial volume vs. (L-M) tibia Tb.Th, −0.23
(0.05).
Discussion
In this study, MRI was used to quantify the relationship
between articular cartilage and trabecular bone structure in
the knee joint of control subjects and OA patients. The
correlations found between the medial cartilage and the
trabecular bone structure of the lateral condyle and lateral
tibia indicate that as medial cartilage degenerates, there is
an overall loss of bone structure in the lateral compart-
ments (See Table IV). Conversely, we found a relationship
between lateral tibia cartilage degeneration and a loss of
trabecular bone in the medial femoral condyle (See Table
V). The direct correlations found within the same compart-
ment indicate that medial cartilage degeneration is associ-
ated with increased medial condyle bone volume fraction
BV/TV and a thickening of trabeculae (Tb.Th). Additionally,
the indirect correlations represented by the (L-M) compart-
mental differences of cartilage and bone structure within
the same compartment indicate that as relative discrepan-
cies develop between the medial and lateral cartilage
thickness, concomitant differences in bone structure de-
velop between the medial and lateral compartments in the
tibia and femur. Our results demonstrate that bone loss
occurs in the opposite compartment to the diseased com-
partment. We speculate this loss of bone structure is due
to joint malalignment from cartilage degeneration, which
consequently unloads the biomechanical forces in the
non-degenerated compartment of the knee.
A number of previous studies have exclusively examined
the diseased compartments in OA and have found an
increase in the bone parameters due to increased weight
bearing stress39,13. However, there have been relatively
few studies that have examined the relationship between
the diseased and opposite compartments. Zysset et al
examined this relationship and found evidence of subchon-
dral bone osteopenia in the lateral tibia of OA cadaveric
knees with severe medial OA40. Their results suggest that
the mechanical unloading of bone, as documented in stress
shielding and space flight studies, induces bone osteo-
penia41. Similarly, our results show a prominent relation-
ship between cartilage degeneration and loss of bone
structure (increased osteopenia) in the opposite condyle.
Fig. 3 is a representative image illustrating these changes
in a single compartment of tibial cartilage (in this case
medial compartment) and the opposite femoral condyle;
the degeneration of medial cartilage coincides with the loss
of bone structure in the lateral condyle. Additionally, the
correlations between the relative changes of compartmen-
tal (L-M) bone and cartilage corroborate this relationship;
they illustrate that bone formation is occurring in the dis-
eased compartment, or bone resorption is occurring in the
opposite compartment, or most likely a combination of both
of these metabolic events is occurring. Akamatsu and
colleagues found similar results when they studied com-
partmental variation in bone structure in varus OA patients
even though they used a ratio of medial to lateral bone
density instead of compartmental differences. Ratios were
significantly higher in patients with severe grades of OA
than to those of patients with mild grades of OA42. These
results infer a decrease in bone density in the lateral
compartment and an increase in bone density in the medial
compartment as OA severity increases, which support our
findings. In our results, the strong correlation of (L-M)
cartilage thickness to the (L-M) bone parameters (and not
cartilage volume) is most likely due to the thickness meas-
urement’s sensitivity to protruding osteophytes and focal
defects as the compartmental thickness is calculated as the
average across all slices. We speculate that using the
subject’s opposite compartment as a control for their own
Table VI
The lateral-minus-medial (L-M) values were calculated for the tibial cartilage, femoral cartilage, tibial bone structure and femoral bone
structure
Spearman correlations between (L-M) femoral & tibial. Bone structure and (L-M) tibial cartilage*
(L-M) femoral condyles bone structure (L-M) tibia bone structure
(L-M) (L-M) (L-M) (L-M) (L-M) (L-M) (L-M) (L-M)
Location BV/TV Tb.N Tb.Sp Tb.Th BV/TV Tb.N Tb.Sp Tb.Th
(L-M) −0.33 0.29 −0.31 −0.24 −0.32 0.29
Femur Thk (P=0.004) NS (P=0.013) (P=0.006) (P=0.038) (P=0.005) (P=0.013) NS
(L-M) −0.33 −0.29 0.40 −0.30 −0.25 −0.32
Tibia Thk (P=0.004) (P=0.010) (P=0.0004) (P=0.008) (P=0.028) NS NS (P=0.005)
*Spearman correlations were found for the relative differences between (L-M) cartilage thickness (femoral and tibia) and (L-M) femoral
bone structure, and (L-M) cartilage thickness (femoral and tibia) and (L-M) tibial bone structure. When: (L-M) Cartilage Thickness=increase.
Then: (L-M) Femoral App. BV/TV=decrease, (L-M) Femoral App. Tb.Sp=increase, (L-M) Femoral App. Tb.Th=decrease. And: (L-M) Tibial
App. BV/TV=decrease, (L-M) Tibial App. Tb.Sp=increase, (L-M) Tibial App. Tb.Th=decrease.
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cartilage and bone measurements reveals the relationship
between bone and cartilage in OA while adjusting for the
unique tissue quantities of each subject. Therefore, these
results corroborate the common conception that cartilage
degeneration within a compartment contributes to the
joint’s varus or valgus malalignment; this may increase the
biomechanical forces through the diseased compartments
and alleviates forces from the opposite compartment4,2.
This loading pattern induces bone formation in the dis-
eased compartment and induces bone resorption in the
opposite compartment.
The medial tibia cartilage values and medial femoral
cartilage values of the OA2 patients were overall less than
the values of the OA0 and OA1 patients; the OA2 patients
had significantly lower tibial cartilage values than the con-
trol subjects (See Table II). In the medial and lateral
condyles, there was a lower number of trabeculae (Tb.N)
and a greater trabecular separation (Tb.Sp) in OA1 and
OA2, which are typical characteristics of bone structure
deterioration. In the medial condyle bone structure, the
OA2 patients had significantly thicker trabeculae (Tb.Th)
than the other groups. This increase in trabecular thickness
resonates the research of Layton et al. who found a
thickening of trabeculae in the diseased femoral head of
guinea pigs13. We speculate that the trabecular thickening
was only found in the medial condyle due to the prevalence
of medial compartment OA. Previous studies have found
significant differences in bone parameters between OA0,
OA1 and OA2 patients. For example, Wada et al. found
significant differences in BMD of the medial tibia between
groups OA1 and OA2 with medial compartment OA, and
Kamibayashi et al. found significant differences in both the
tibial BV/TV and Tb.Th between controls and medial com-
partment OA patients9,10. Our results did not display many
significant differences in the medial and lateral parameters,
but our study differed from these studies since we did not
differentiate between the varus and valgus OA patients.
The reason we did not differentiate these patients was
because our purpose was to determine the interaction, or
interrelation, between the two tissues, regardless of dis-
eased compartment. Another reason why significant differ-
ences were not found between OA groups may be due to
the categorization of patients; although the KL grading
system is a gold standard, reader bias and variability, as
well as the over interpretation of osteophytes, is of
concern43,44. The grading system is based on joint space
width, which reflects the quantity of cartilage and presence
of osteophytes, not trabecular bone structure characteris-
tics. Consequently, this fact is illustrated in our correlations
between KL score and cartilage; no correlations were found
between KL score and bone structure, but higher KL scores
were associated with lower cartilage volume and thickness
Fig. 3. This is a schematic diagram that illustrates cartilage degeneration in one compartment is associated with the loss of bone structure
in the opposite compartment. In this case, as medial cartilage volume and thickness degenerates, the lateral femoral and lateral tibia bone
structure also degenerates.
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values in the tibial compartments and medial femur (See
Table III). There were negative correlations between age
and cartilage, which would be expected since tissue loss is
common as age increases45. Additionally, correlations with
the subjective WOMAC score were low to moderate
and primarily associated with tibia cartilage. The loss of
medial tibial cartilage correlated with both WOMAC pain
and function, whereas the loss of lateral tibia cartilage
correlated only with WOMAC function.
Potential criticism may be raised by the fact that the
mean age of the control group was roughly half of the mean
age of the two diseased groups. A linear age adjustment
was initially attempted to correct this age gap, but then
rejected since bone and cartilage tissues do not deteriorate
linearly46,11. Considering tissue loss is inevitable with age,
we found it difficult to identify asymptomatic age-matched
controls that did not have any radiographic signs of OA.
Yamada et al. had similar difficulties finding normal
subchondral bone specimens over the age of 50 years as
they found a negative correlation between age and bone
structure47. It is difficult to find older, asymptomatic patients
since OA is an age dependent disease. After decades of
wear and tear on the knee joint, cartilage degeneration and
bone changes is almost inevitable. However, our control
group does reflect the wide range of ages (22 years to 70
years) that would accurately constitute a healthy control
group. Additionally, this study was the first of its kind to use
in-vivo MRI to evaluate the interrelationship between carti-
lage and bone, and the purpose of the study was to
exclusively examine this relationship, regardless of disease
severity, KL score or age. Since each person served as
their own internal standard, we examined the relative
relationship between cartilage and bone. Therefore, we
acknowledge that age may be a potentially confounding
variable when studying OA, and age-matched controls
would be ideal for subsequent studies, but identifying
normal knees is difficult in this patient cohort since OA is a
disease that is tightly interwoven with age.
The clinical implications of this study are manifold. The
association between cartilage degeneration in one com-
partment and relative osteopenia in the opposite compart-
ment suggests that slight varus or valgus angular
malalignment of the knee may lead to the development of
osteoarthritis. As medial compartment articular cartilage
degenerates from varus malalignment, an increase in me-
dial bone density and a decrease in lateral bone density
would be expected to occur. Increased subchondral bone
density may further accelerate the development of osteoar-
thritis by increasing cartilage stresses as postulated by
Radin and Rose8. These findings may potentially impact
orthopaedic clinical management of patients undergoing
knee replacements and surgical realignment. Additionally,
the move to collect data about OA progression and natural
history, due to the NIH sponsored osteoarthritis initiative48,
includes MRI and radiographs, but up until this point,
practicing clinical radiologists have had little involvement
with this initiative. With the advent of new high field imaging
systems and new pulse sequences with which only radiolo-
gists are familiar, a close involvement with radiologists in
OA studies is a necessity. The detailed radiological grading
study by Link et al.49 and this study attempt to underline the
invaluable role and potential of radiological imaging in
studies of OA.
Magnetic resonance imaging is an effective modality for
assessing osteoarthritis in vivo; our study was the first to
compare cartilage parameters to trabecular bone structure
parameters in osteoarthritic, in-vivo human knees using
this modality. Our results illustrate a significant relationship
between the loss of tibial cartilage in the diseased compart-
ment and the deterioration of bone structure in the opposite
condyle. As relative discrepancies developbetween medial
and lateral cartilage thickness, concomitant medial and
lateral discrepancies develop in the bone structure in the
tibia and condyles. Regardless of whichcompartment is
diseased, changes in the joint alignment from degeneration
in cartilage incite a combination of bone formation and
resorption in the diseased and non-diseased compart-
ment, respectively. These results may be helpful in predict-
ing changes in bone and cartilage associated with the
development and progression of OA. In addition, under-
standing these changes in bone structure may be useful in
planning surgical treatments such as corrective osteotomy,
as well as fixation of unicompartmental and total knee
replacements.
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